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We present a detailed analysis of electron trajectories within the sheath regions of capacitively
coupled plasmas excited by radio-frequency voltage waveforms at low pressures. Complex features
inside the sheaths are identified in several physical quantities, which are sculptured by the trajec-
tories of the bouncing electrons under the influence of the spatio-temporally varying electric field.
A method is developed to explain the generation of the various features as a function of surface
processes and to identify the trajectories of electrons of different origin.
In low temperature plasmas, several types of neutral
and charged particle populations co-exist, which under
most conditions possess remarkably different distribution
functions [1]. In most cases only the neutrals can be char-
acterised by a temperature, as the distribution functions
of the charged species (electrons and ions) usually devi-
ate from the Maxwell-Boltzmann (MB) type, forbidding
the use of the concept of temperature [2]. Consequently,
these feebly ionized gaseous systems exist in the state of
pronounced thermodynamic non-equilibrium. The elec-
tron population at low pressures is especially weakly cou-
pled to the neutral population and exhibits typically a
large deviation from MB statistics [3]. Besides the non-
equilibrium nature of these systems, their physics is fur-
ther enriched by the non-local character of the electron
transport: in typical low-pressure settings the electric
field usually varies in space along the free flights of the
electrons, or varies in time between two collisions. The
presence of boundaries gives rises to an additional com-
plication as it distorts the velocity distribution function
[4]. These peculiarities make low-temperature plasmas a
perfect playground for kinetic theory.
Approaches being capable of capturing kinetic effects
include the solution of the Boltzmann equation and par-
ticle based simulations [5, 6]. The understanding of the
kinetics of the electrons in these systems is of primary
interest, as these particles are principally responsible for
sustaining the plasma. They can be “born” both in gas-
phase processes and at surrounding surfaces and can in-
teract with these surfaces subsequently in different ways,
such as elastic and inelastic reflection, and cause emission
of additional electrons [7]. Depending on the electron
kinetics distinct operation modes (such as the α- and
γ-modes) and transitions between these exist in radio-
frequency (RF) plasmas. The α-mode is associated with
electron heating at the edge of the expanding sheath,
while in the γ-mode secondary electrons (“γ-electrons”)
emitted from the electrodes and accelerated by the sheath
electric field, cause significant ionization and increase the
plasma density [8]. Mode transitions are intimately cou-
pled with the electron energy distribution function [9].
FIG. 1. Scheme of the system under investigation. The
plasma is established by coupling the power capacitively into
the system: electrons follow the fast variation of the electric
field, whereas ions react to the time averaged electric field
only. The system splits into sheath regions adjacent to the
electrodes and a quasineutral bulk region in the center.
Except of the secondaries, electrons are widely consid-
ered to reside outside the sheath regions, which connect
the bulk plasma and the bounding surfaces, see Fig. 1.
This region has been studied intensively [10–12], as the
proper understanding of the interaction between elec-
trons and the sheath is of paramount importance for
solving critical problems in low temperature plasma sci-
ence, e.g. the lack of insights into electron power absorp-
tion. Studies of the electrons’ power absorption (termed
traditionally as “electron heating”) have a long history
[13]. The Hard Wall model, e.g., attributes energy gain
to the interaction of electrons with the moving sheath
boundaries [14]. This model assumes that the field is
present only within the sheaths and electrons are present
only outside the sheaths. The boundaries act like tennis
rackets, which, in this model, have infinitely stiff strings.
In reality, high-energy electrons accelerated through the
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2sheath at one electrode can penetrate into the opposite
sheath until reflected by the field, like by a tennis racket
with elastic strings. The model introduced by Turner
et al., called pressure heating, can also be understood
based on this picture: the amount of energy gained/lost
by the electrons by interacting with the sheath can be
nonzero on time average due to the temporal variation of
the sheath electric field during the time when the electron
is present in the sheath region [15–17].
Penetration of high energy electrons deep into the
sheath from the plasma side is clearly revealed in Fig. 2
that shows electron trajectories in the (x − vx) configu-
ration space in an argon plasma at p = 1 Pa, L = 50
mm electrode gap, established by an RF voltage Φ(t) =
Φ0 cos(2pift) with an amplitude of Φ0 = 150 V, at a fre-
quency of f = 13.56 MHz. These conditions are referred
to as the “base case” in the following. The results are
obtained from Particle-in-Cell / Monte Carlo collisions
simulation of the discharge. The model assumes two
constant surface coefficients: an elastic electron reflec-
tion probability, R=0.2, and an ion-induced secondary
electron emission coefficient, γ = 0.4.
FIG. 2. Configuration space of the electrons at t = 31.38 ns
during sheath expansion within the RF-cycle. The powered
electrode is at x = 0 and the grey region marks the plasma
bulk. Note (i) the parabolic line from the origin that cor-
responds to γ-electrons emitted from the electrode and fly
towards the center (marked by the green arrow) and (ii) the
pronounced turning point of a group of electrons at ≈ 4 mm
inside the sheath (marked by the red arrow). The “traces” of
individual electrons correspond to a time window of ≈ 0.14
ns. (A movie, covering the full RF period is available as sup-
plementary material [18].)
At low pressures, the electrons interacting with one
sheath can reach the opposite sheath without undergo-
ing many collisions, thus leading to a scenario where
electrons “bounce” back and forth between the two
sheaths and Bounce Resonance Heating can occur [19].
As in reality there is an electric field even outside the
sheath region, predominantly the so-called ambipolar
electric field [20, 21], low energy electrons, which are usu-
ally “trapped” within the discharge, can effectively be
“heated” under such resonant conditions by the ambipo-
lar field as well [22]. The spatio-temporally resolved non-
local dynamics of electrons, especially that of secondary
electrons, at low pressures as a consequence of their in-
teraction with boundary surfaces and with the RF modu-
lated sheaths is not understood. To complete this picture
a methodology that can separate different groups of elec-
trons and can identify their origin is needed. Due to the
kinetic nature of the effects involved we do not expect
analytical models to be able to achieve this goal, there-
fore we turn to particle based simulations to incorporate
this methodology. Using this approach, in this Letter we
illustrate how complex the electrons’ motion can be even
in a simple plasma source that consists of two plane and
parallel electrodes and is excited by an RF-voltage in an
atomic gas. The results reveal the complex intra-sheath
dynamics of electrons and, therefore, represent an essen-
tial step towards solving the critical problem of the lack of
understanding the dynamics of energetic electrons in low
temperature plasmas, which is vital for knowledge based
plasma process development for various applications of
broad and strong societal impact, e.g. semiconductor
manufacturing, plasma medicine, and agriculture.
The penetration of the fast electrons into the sheaths –
made possible by a “soft” boundary – gives rise to various
“arc-like” features that can be observed when analysing
the spatio-temporal distribution of several physical quan-
tities related to the electrons, as illustrated in Figs. 3(a)-
(d) for the base case specified above: the mean energy,
〈ε〉 (a), longitudinal temperature, Txx (b), density, ne
(c) and normalised density gradient, ∇ne/ne (d). The
mean energy and density show very similar structures
within the sheath together with the longitudinal temper-
ature, whereas in the latter there is a difference in the
region between ≈ 20 − 45 ns in the RF-cycle (near the
electrode). The reason for this is, that in this tempo-
ral domain only a few electrons, coming from the cen-
ter of the discharge, can penetrate deep into the sheath.
Thus, predominantly γ-electrons (emitted from the ad-
jacent electrode) will contribute to the mean energy and
the temperature. The definition of the temperature is
Txx = me(〈v2x〉 − u2x), where me is the electron mass, vx
and ux are the velocity of an electron and the mean veloc-
ity of the electrons in the x-direction, respectively. Thus,
it is proportional to the variance of the electrons’ veloc-
ity, which, for the γ-electrons, is low, as they are emitted
from the electrode with the same energy and need many
collisions before their velocities are randomised. This, on
the other hand, does not mean, that their mean energy,
defined by 〈ε〉 = me2 〈v2x + v2y + v2z〉, cannot be large.
As the normalised electron density gradient shows the
arc-like features most clearly, we will concentrate on this
quantity from now on to identify the reason for the ap-
pearance of the different structures. The enumerated fea-
tures (arcs) identified in Fig. 3(d) are the ones to be
explained. As a first step, the sensitivity of these struc-
tures on the operating conditions is addressed, as shown
3FIG. 3. Mean energy [eV], 〈ε〉, (a), longitudinal electron temperature, Txx [eV], (b), density [m−3] (c) and normalised density
gradient [m−1] (d) of the electrons for the base case (p = 1 Pa, L = 50 mm, f = 13.56 MHz), and the effects of parameter
variations on the normalised electron density gradient (e)-(h). The parameter that differs from the value in the base case is
noted in the upper right corners of the panels. The dashed black line in panel (d) corresponds to the time instance shown in
Fig. 2. The solid black lines indicate the sheath edge [11]. The plots show only the vicinity of the powered electrode situated
at x = 0. The color scale of panel (d) applies for panels (e)-(h).
FIG. 4. Sketch of principal electron trajectories aiding the explanations of the features identified and enumerated in Fig. 3(d).
Green circles denote γ-electrons, blue circles stand for bulk electrons. The powered and grounded electrodes of the discharge
are situated at the bottom and at the top of the graphs, respectively. Dark gray regions: sheath domains. Light grey regions:
bulk. Thick black lines: sheath edges.
in Figs. 3(d)-(f). Panel (d) corresponds to the base case.
As the pressure is increased (panels (e)-(f)), the features
gradually disappear: first 4, 5 and 6 already at 2 Pa,
and then 1 and 3 with only feature 2 remaining at 5
Pa. As ultimately these arcs are caused by the motion of
electrons, the increase in pressure means that electrons
undergo more collisions and, thus, their “collective” mo-
tion is inhibited at higher pressures. In other words, the
complex features are caused by electrons reaching the
vicinity of the powered electrode, which is less likely to
happen when the pressure is increased. By increasing the
gap length, L (g), the features get shifted in time, due
to the fact, that the electrons need more time to traverse
a longer gap. The frequency variation (h) results in a
smaller sheath width, which is attributed to the higher
plasma density. Arcs 1 and 2 can be identified in panel
(h), but the others are not present. This, as we shall see,
is due to the fact that in order for a given trajectory to
be formed, it matters in which phase of the sheath ex-
pansion/collapse the electron arrives at the instantaneous
sheath edge.
Based on this, one can infer that the complex features
in the figures above do not correspond to individual elec-
tron trajectories, but rather to the envelope of these, i.e.
it is the ensemble of turning points of incoming electrons
(cf. Fig. 2) which together give rise to the features. This
necessitates two remarks: (i) Given this predicate, it is
more understandable why we see a difference between
Figs. 3(a) and 3(b): As many electrons that reach the
sheath region will turn back giving rise to feature 2 in
panel (d), in the region below feature 2 predominantly
γ-electrons will be present, which, as elucidated above,
give rise to a smaller electron temperature. (ii) The fea-
tures identified in the normalised electron density gradi-
ent shown in Fig. 3(d) all have a negative (blue) and
a positive (red) side. This can be explained by the fact,
that at the turning points of the electrons, a local bunch-
ing effect happens, increasing the electron density along
the features (as seen in Fig. 3(d)), and consequently,
causing a positive edge at the side of the powered elec-
trode, and a negative one in the other direction.
As γ-electrons reach much higher energies than the
electrons born outside the sheath, they are the primary
suspects for the generation of the complex features. Fol-
4FIG. 5. Features under different electrode surface conditions. The presence/absence of the electron reflection process (rows)
and the secondary electron emission process (columns) are indicated by the keywords ’Both’, ’None’ ’Top’ and ’Bottom’, which
refer to the electrodes. The bottom electrode is situated at x = 0. For clarity, axis labels and colorbars are omitted, they agree
with that of Fig. 3(d).
TABLE I. Appearances of the various features.
γ Both γ None γ Bottom γ Top
R Both 1-6 6 1, 3, 6 2, 4, 5, 6
R Bottom 1, 2, 6 6 1, 6 2, 6
R Top 1, 2, 3, 5, 6 6 1, 3, 6 2, 5, 6
R None 1, 2, 6 6 1, 6 2, 6
lowing their trajectories aids the explanations of these
features. A sketch of the principal electron trajectories
is shown in Fig. 4: green circles denote γ-electrons, blue
circles bulk (i.e. “born in the bulk”) electrons. Whenever
an electron reaches the electrode surface, it undergoes a
reflection from the electrode surface with a probability R.
The ends of the trajectories (the arrowheads) correspond
to the approximate place/time where the electrons turn
back inside the sheath at the powered (bottom) electrode.
Our method is to run simulations with every possible
combination of the surface processes: we can have sec-
ondary electron emission on either electrodes, both or
none (controlled by the γ-coefficient, having a value of
0 or 0.4), and similarly with the elastic electron reflec-
tion (controlled by the R coefficient, having a value of
0 or 0.2). For brevity and notational simplicity, ‘Bot-
tom’ and ‘Top’ electrode will be used instead of pow-
ered/grounded. The results obtained this way for the
base case are shown in Fig. 5.
Table I summarizes the appearances of the various fea-
tures, by listing the numbers assigned to the features in
Figs. 3(d) and 5(a). Based on this table, it can readily
be identified what surface process on either electrode is
needed to generate the given pattern. In principle, this
approach can be generalised to more than two surface
processes, including e.g., secondary electron emission due
to electron bombardment of the electrodes [7, 23].
Invoking Fig. 4, the features are identified as follows:
• Feature 1 (Fig. 4(a)) is present only in the γ Bot-
tom column, i.e. it is caused by secondary electrons
born at the bottom electrode. As the feature is
present irrespective of the presence of electron re-
flection, it means, that a γ-electron born at the bot-
tom electrode traverses the whole discharge, is re-
flected by the opposing (top) sheath and flies back
to the bottom electrode again. This can happen,
as taking a γ-electron having an average energy of
≈ 75 eV, it can traverse the gap of 50 mm in ≈ 10
ns.
• Feature 2 (Fig. 4(b)) - as it is present in the γ
Top column, it is caused by γ-electrons born at
the top electrode, accelerated by the sheath electric
field and reaching the bottom sheath where they
are turned back.
• Feature 3 (Fig. 4(c)) - as it is present in the γ
Bottom and R Top panels, thus, the feature is
proven to be generated by those γ-electrons, which
5are born at the bottom electrode, traverse the dis-
charge, reach the opposite electrode where they
get reflected, and come back to the bottom sheath
again.
• Feature 4 (Fig. 4(b)) is not among the panels dis-
cussed before, which means, that it has to be a mul-
tiple reflection-caused feature. It can only be found
in the γ Top column with both electrodes having
nonzero reflection coefficients (R Both row). This
means, that this feature is caused by electrons born
at the top electrode, reflected twice by either elec-
trodes before turning back in the bottom sheath
region.
• Feature 5 (Fig. 4(a)) is again a multiple reflection-
caused feature, because it is found in the γ Top
column and the R Top row, which means the elec-
tron is born at the top electrode, but also reflected
by it. The only way it can happen is, if it is first
reflected by the bottom sheath and then the top
electrode.
• Feature 6 (Fig. 4(c)) is the only structure which
appears in the γ None column, and is not sensitive
to reflections. Thus, it is caused by electrons gener-
ated within the plasma bulk that reach the bottom
sheath.
In summary, the complex dynamics of fast electrons
was analysed via simulations in a low pressure capac-
itively coupled plasma. Prominent features in a num-
ber of various physical parameters were found inside the
sheath regions. We have successfully associated these
features with the distinct electron creation mechanisms
and the motion of the electrons in the spatio-temporally
varying electric field. It was inferred that the features do
not correspond to trajectories, but are envelopes of the
turning points of these electrons within the sheath re-
gion. The determination of the underlying mechanisms
leading to the specific features was done by a procedure
where the electrode surface processes were turned on/off
(by assuming nonzero/zero values for the surface coeffi-
cients) and all possible combinations have been scanned.
This new methodology enables the understanding of the
complex and non-local spatio-temporal dynamics of en-
ergetic electrons in technological plasmas. The results
obtained represent an important step forward to solving
this outstanding problem, which is of broad fundamental
and applied relevance due to the manifold of applications
of high societal relevance of these plasma sources.
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